Poly(A)-specific ribonuclease (PARN) is a homodimeric, processive, and cap-interacting 3 0 exoribonuclease that efficiently degrades eukaryotic mRNA poly(A) tails. The crystal structure of a C-terminally truncated PARN in complex with m 7 GpppG reveals that, in one subunit, m 7 GpppG binds to a cavity formed by the RRM domain and the nuclease domain, whereas in the other subunit, it binds almost exclusively to the RRM domain. Importantly, our structural and competition data show that the capbinding site overlaps with the active site in the nuclease domain. Mutational analysis demonstrates that residues involved in m 7 G recognition are crucial for cap-stimulated deadenylation activity, and those involved in both cap and poly(A) binding are important for catalysis. A modeled PARN, which shows that the RRM domain from one subunit and the R3H domain from the other subunit enclose the active site, provides a structural foundation for further studies to elucidate the mechanism of PARN-mediated deadenylation.
INTRODUCTION
The cap structure and the poly(A) tail are characteristic features of eukaryotic mRNA and are important for controlling RNA processing, transport, translation, and stability (reviewed in Garneau et al., 2007; Meyer et al., 2004; Parker and Song, 2004; and Shatkin and Manley, 2000) . Many cap-binding proteins, such as the nuclear (CBP20) or the cytoplasmic (eIF4E) cap-binding proteins (Izaurralde et al., 1994; Sonenberg et al., 1978; von der Haar et al., 2004) , and poly(A)-binding proteins, such as the nuclear or cytoplasmic poly(A)-binding proteins (PABP) , are involved in these processes (reviewed in Kuhn and Wahle, 2004) . Furthermore, both structures and, especially, the poly(A) tail are crucial for proper regulation of mRNA decay. Two general mRNA decay pathways have been identified, both of which are initiated by deadenylation of the mRNA poly(A) tail by deadenylases (reviewed in Garneau et al., 2007; Meyer et al., 2004; and Parker and Song, 2004) . In the 5 0 /3 0 mRNA decay pathway, the mRNA 5 0 cap structure is removed by decapping enzymes when a substantial part of the poly(A) tail has been degraded. After this decapping event, the 5 0 /3 0 Xrn1 exonuclease will degrade the remaining part of mRNA starting at the 5 0 end of the mRNA. In the 3 0 /5 0 mRNA decay pathway, the cytoplasmic exosome complex will continue to degrade the mRNA body in the 3 0 /5 0 direction after the mRNA poly(A) tail has been removed by the deadenylation event.
In mammalian cells, poly(A)-specific ribonuclease (PARN) is one of the known deadenylases responsible for mRNA deadenylation (Å strö m et al., 1991; Kö rner and Wahle, 1997; Kö rner et al., 1998; Martinez et al., 2000) . Biochemical studies have shown that PARN is an mRNA cap-interacting protein (Dehlin et al., 2000; Gao et al., 2000; Martinez et al., 2001) . The binding of the mRNA 5 0 cap stimulates the catalytic activity of PARN purified from mammalian cells (Dehlin et al., 2000; Gao et al., 2000; Martinez et al., 2000) and enhances the processivity of PARN action (Martinez et al., 2001) . PARN belongs to the RNase D superfamily of nucleases and harbors high specificity toward single-stranded poly(A) (Martinez et al., 2000) . It is a metal iondependent, highly processive, and multidomain exonuclease composed of the nuclease domain, the R3H domain, and the RNA recognition motif (RRM) ( Figure 1A ). The nuclease domain contains the catalytic site and is responsible for the cleavage of the poly(A) tail, whereas the R3H domain has been implicated in poly(A) binding, although its exact role is still not clear (Martinez et al., 2001; Nilsson et al., 2007; Ren et al., 2002; Wu et al., 2005) . Our previous structural work on the N-terminal domain of human PARN (hPARN), containing the nuclease and R3H domains, demonstrated that a homodimeric form of PARN is the structural and functional unit (Wu et al., 2005) .
Biochemical and mutational studies of the hPARN RRM showed that the RRM by itself binds the cap and also contributes to poly(A)-specificity and that the cap-and poly(A)-binding sites on the RRM are both functionally and structurally separated from each other (Nilsson et al., 2007) . One tryptophan (W475 in human) within the RRM has been identified as an essential residue required for cap binding. Consistent with this finding, the NMR and crystal structures of the RRM domain of PARN in complex with the cap analog revealed that the m 7 G base of the cap analog stacks with the aromatic side chain of W468 in mice, corresponding to W475 in humans (Monecke et al., 2008; Nagata et al., 2008) . However, the molecular mechanism underlying the cap-stimulated deadenylation activity and how cap recognition and poly(A) cleavage are coordinated to each other remain elusive.
To understand the molecular basis of cap recognition by PARN and how this process increases its enzymatic processivity, we have determined the crystal structure of a mouse PARN (mPARN) polypeptide containing the nuclease, R3H, and RRM domains in complex with the cap analog, m 7 GpppG, at a resolution of 3.0 Å . The structure reveals a novel cap-binding mode that is distinct from other cap-binding proteins. Structural and mutational analyses showed that the RRM confers the cap recognition specificity with the nuclease domain, providing additional binding affinity. We conclude that the cap-binding and active sites partially overlap both structurally and functionally in the nuclease domain.
RESULTS

Structure Determination
A C-terminally truncated mPARN (residues 1-510, designated mPARNt) containing the nuclease, the R3H, and the RRM domains was cloned and expressed as a His-tag fusion protein.
To facilitate protein crystallization, the flexible His-tag region at the N terminus was removed by PreScission protease. The selenomethione (SeMet)-substituted mPARNt was cocrystallized with the m 7 GpppG cap analog. The structure of mPARNt in complex with m 7
GpppG was determined at a resolution of 3.0 Å by a combination of SeMet SAD and the molecular replacement using the coordinates of apo-hPARNn (PDB code: 2A1R) and the NMR structure of mouse RRM domain (1WHV). There are two mPARNt molecules in the asymmetric unit with each molecule binding to one cap analog. The final model was refined to working and R free factor of 29.8% and 33.3%, respectively (see Experimental Procedures and Table 1 ). Five regions (residues 37-44, 149-249, 365-367, 393-401, and 504-510) in molecule A and four regions in molecule B (residues 145-250, 358-369, 392-404, and 506-510) binding to one cap analog ( Figure 1B ). The dimerized nuclease domain is structurally identical to that in our previous hPARN nuclease domain structure (PDB code: 2A1R) (Wu et al., 2005) . Although the electron density map clearly showed some features of the R3H domain in the apo-hPARN structure (Wu et al., 2005) , the quality of the electron density is not good enough to allow us to build any residues in the R3H domain with confidence. Given this fact, the R3H domains in both subunits in the mPARNtm 7 GpppG complex are assumed to be disordered.
The RRM domain is composed of a four-stranded antiparallel b sheet and two a helices packed against the b sheet and is connected to the nuclease domain by a hinge region consisting of residues 429-439 ( Figure 1B) . Surprisingly, the two subunits of mPARNt in the mPARNt-m 7 GpppG complex adopt very different conformations. Superposition of the nuclease domains showed that the orientation of the RRM domains differ by 30 in the two subunits ( Figure 1C ). This difference in the orientations of the RRM domains with respect to the nuclease domains leads to markedly different cap-binding modes in both subunits. In one subunit (referred to as closed form), m 7 GpppG is located in the cavity formed by the RRM and the nuclease domain, and has well-defined electron density, whereas in the other subunit (referred to as open form), only one guanosine residue (m 7 G) of m 7 GpppG that interacts with the RRM domain is well ordered (Figures 1D and 1E ).
The Cap-Binding Site Is Formed by Both the RRM and Nuclease Domains The 7-methyl guanosine group and the following guanosine group cannot be unambiguously differentiated in the electron density map of the mPARNt-m 7 GpppG complex. However, there is a strong electron density facing to W468 in the mPARNtm 7 GpppG complex ( Figures 1D and 1E ). Moreover, a previous study showed that the RRM of hPARN by itself specifically interacted with the two cap analogs, m 7 GTP and m 7 GpppG, and that the W475 residue of hPARN (corresponding to W468 of mPARN; see Figure S1 available online) was critical for RRM-mediated cap analog binding (Nilsson et al., 2007 (Monecke et al., 2008; Nagata et al., 2008) .
In the mPARNt-m 7 GpppG complex, both the RRM and nuclease domains contribute to cap binding, with the nuclease domain involved in more-extensive interactions with the cap in the closed form than in the open form ( Figure 2 ). In both forms, the m 7 G recognition is conferred by residues from b2 and the a1-b1 loop of the RRM domain ( Figure 2 and Figure S1 ). Specifically, the indole group of W468 in the RRM stacks against the m 7 G base with a distance of 3.4Å in a coplanar orientation. Additionally, the carbonyl groups of W449 and D471 in the closed form make contacts with the N1 and N2 of the m 7 G, respectively.
Our previous mutational study of the hPARN RRM showed that alanine substitutions of W475 and W456 in the RRM affected cap binding to different extent (Nilsson et al., 2007) . It is likely that the severe effect of the W475A mutation was due to an interruption of the stacking interaction between this tryptophan residue and the 7-methyl guanine moiety of the cap. Mutation of W456 (corresponding to W449 in mice; Figure S1 ) to an alanine perturbed slightly the cap-binding property of hPARN. In the mPARNtm 7 GpppG complex, W449, F445, L454, Y497, and L457 form a hydrophobic core that stabilizes the RRM core structure (data not shown). A mutation of W449 would most likely distort the main-chain conformation of the a1-b1 loop, leading to the reduced cap-binding ability. The complex structure enables us to attribute the functional character to W475 (W468 in mice) and the structural role of W456 (W449 in mice) upon cap binding. Previous studies showed that full-length hPARN binds m 7 GpppG $2-fold better than m 7 GTP (Nilsson et al., 2007) . The binding affinity of the hPARN RRM domain to m 7 GpppG or m 7 GTP was about 7-fold lower than its binding affinity to the full-length protein, implying that other parts or domains of Generously allowed region 0.3%
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PARN contributed to m 7
GpppG or m 7 GTP binding, although the RRM contributed primarily. In agreement with these biochemical results, our structure showed that the nuclease domain is also involved in cap binding ( Figure 2 ). In the closed form (Figure 2A ), the 7-methylguanosine nucleoside assumes the anti conformation. Residues I34, L57, L283, L284, and M418 and the methyl group of R53 form a hydrophobic pocket for the first transcribed guanosine nucleotide. Of these residues, L284 and M418 clamp the guanosine and thus contribute significantly to the recognition of the first transcribed nucleotide of mRNA. The OD1 group of D28 interacts indirectly with the second ribose group via a water molecule. N281 makes multiple van der Waals contacts with O5 and O4 of the second ribose and N2 and N3 of the guanine base. In addition, the hydroxyl group of S335 contacts the second phosphate group. The NZ group of K319 contacts both the second and third phosphate groups. Furthermore, the third phosphate group makes multiple contacts with K319, H280, one water molecule, and the amino group of L336.
In the open form ( Figure 2B ), the 7-methylguanine moiety is still stacked with the W468 indol ring, but the m 7 G nucleoside adopts the syn conformation. Most of the noncovalent contacts stabilizing the phosphate bridge and the second nucleoside are lost. Only the D471 carboxylate and T41 make direct contacts with the first ribose and the first phosphate group of the cap, respectively, whereas T44 contacts the first phosphate group via a water molecule. It should be noted that residues involved in the cap recognition (i.e., D28, I34, R53, L57, H280, N281, L283, L284, K319, N333, S335, L336, M418, R419, W449, W468, D470, and D471) are highly conserved in PARN family proteins, thereby underscoring their functional importance (Figure 2 and Figure S1 ). Taken together, these observations suggest that the nuclease domain provides additional binding affinity for cap recognition, particularly in the closed form.
The Cap-Binding Site of PARN Overlaps with the Active Site in the Nuclease Domain The observations that some residues (i.e., D28 and I34) that have previously been shown to be critical for catalysis of hPARN are involved in cap binding (Figure 2A ) imply that the cap-binding and active sites of PARN must overlap to some extent. Consistent with this notion, superposition of the mPARNtm 7 GpppG complex in the closed form with the hPARNn-poly(A) complex (Wu et al., 2005) showed that the bound m 7 GpppG in the mPARNt-m the A8 and A9 bases, respectively, in the hPARNn-poly(A) complex, suggesting that residues involved in the cap binding may be important for catalytic activity of PARN as well. While in the open form, only the disordered G base overlaps to a minor extent with the adenine base A8 ( Figure 3B ), which was also poorly ordered in the structure of the hPARNnpoly(A) complex (Wu et al., 2005 GpppG binds to mPARNt with K D of 2.1 mM at a molar ratio of $1.0 ( Figure 3C and Table 2 ), suggesting that two cap analogs bind to one mPARNt dimer. This finding is consistent with the two capbinding sites observed in the structure. Ten-mer oligo(A) (A 10 ) binds to mPARNt with nanomolar affinity (K D = 0.06 mM; Figure 3D and Table 2 ) at a molar ratio of $1.0, suggesting that two A 10 molecules bind to one PARN dimer. The tight binding of A 10 to PARN can probably be attributed to the high-affinity binding of A 10 to the canonical RNA-binding site on the RRM domain (Nilsson et al., 2007) and the binding of the 3 0 end of A 10 to the catalytic site in the nuclease domain (Wu et al., 2005) . ITC competition assays showed that the binding of A 10 to mPARNt was reduced by 3-fold in the presence of m 7 GpppG (apparent dissociation constant [K D app ] = 0.17 mM; Figure 3E and Table 2 ), whereas the binding of m 7 GpppG to mPARNt was reduced by 12-fold (K D app = 10.6 mM; Figure 3F and 
Functional Analysis of the Cap-Binding Site
To further characterize the cap-binding site and to investigate whether we could identify amino acids that play dual functional roles in both cap-binding and hydrolytic activity of PARN, we performed a site-directed mutational and functional analysis of hPARN (Table S1) . For this analysis, we specifically targeted amino acid residues whose side chains were predicted from the mPARNt-m 7 GpppG complex to play a role in cap structure recognition and binding. First we determined, by using fluorescence spectroscopy, the equilibrium dissociation constants (K D ) for the hPARN-m 7 GTP and hPARN-m 7 GpppG interactions (Table 3 and Figure S2 ).
The shape of the titration curves for hPARN corresponds to a typical binding isotherm describing one type of binding site (Eftink, 1997), in accordance with what was observed by the ITC ( Figure 3C ). The hPARN-cap affinity is too weak to determine the stoichiometry directly from the numerical analysis of the fluorescence data , but the crystal structure and the ITC results suggest that two cap molecules can bind to the PARN dimer concurrently ( Figures 1B and 3C ). The question is how the structural differences are reflected by the binding energetics. As we can see from Table 3 , the dissociation constant for the dinucleotide cap analog is only less than 2-fold lower than that for the mononucleotide. In terms of the free energy of binding, the K D values correspond to DG of À8.11 and À7.77 kcal/mol, respectively. The difference is not significant, although the first transcribed nucleoside forms a network of noncovalent contacts with the protein (Figure 2A ). By analogy, the affinity of the capbinding site in the closed conformation, where both cap nucleotides are bound, will be only slightly stronger than the affinity of the open conformation. Hence, the two structurally different cap-binding sites can show similar energetic behavior, being indistinguishable in the titration assays.
In addition to the previously identified cap-binding-defective mutants, hPARN(W456A) and hPARN(W475A) (Nilsson et al., 2007) , we identified another mutant polypeptide, hPARN(N288A), that was severely defective in binding both cap analogs and seven mutant polypeptides-hPARN(D28A), hPARN(I34A), hPARN(L291A), hPARN(K326A), hPARN(N340A), hPARN(S342A), and hPARN(R426A)-that were affected in binding to at least one of the cap analogs.
Next, we investigated the catalytic performance of the mutant hPARN polypeptides using three different kinds of RNA substrates-A 3 , A 20 , and noncapped L3(A 30 ). The A 3 substrate primarily probes the hydrolytic activity and poly(A)-binding property of the PARN active site, and the A 20 substrate will rank the mutant polypeptides, because this substrate examines both hydrolytic activity in the active site and poly(A) binding within and outside the active site, whereas the L3(A 30 ) substrate will provide information regarding the catalytic efficiency when a substrate resembling noncapped mRNA substrates is used. Furthermore, the catalytic efficiency of PARN activity can accurately be quantified when the noncapped L3(A 30 ) substrate is used, because it is possible to follow and quantify the release of the AMP product (Å strö m et al., 1991) . The results from this analysis are summarized in Figures 4A-4C . Three classes of mutant hPARN polypeptides were identified: (1) a hydrolytically inactive or severely defective group including hPARN(D28A), hPARN(I34A), and hPARN(K326A); (2) a hydrolytically active group including hPARN(N288A), hPARN(L291A), hPARN(N340A), hPARN(S342A), hPARN(M425A), and hPARN(R426A), which revealed deficiencies when some of the substrates were used; and (3) one hydrolytically nondefective mutant polypeptide, hPARN(W475A). The catalytic performance of some of these mutant polypeptides-hPARN(D28A), hPARN(I34A), hPARN(K326A) and hPARN(W475A)-have been investigated earlier, and the current study is in keeping with those studies (Ren et al., 2004; Ren et al., 2002; Wu et al., 2005) .
Earlier studies (Balatsos et al., 2006; Nilsson et al., 2007) have revealed that the cap-stimulatory effect on PARN cannot be recovered when recombinant hPARN purified from bacteria is used. However, we have recently established a phosphate-buffered in vitro deadenylation system wherein a 2.5-fold cap-stimulatory effect can be recovered when bacterially expressed hPARN is used (see Experimental Procedures, Figure 4D , and Figure S3 ). The magnitude of this stimulatory effect resembles the 3-fold effect that was observed when we used native PARN purified from calf thymus (Martinez et al., 2001 ). Having established this new in vitro system, we investigated whether any of the two cap-binding-deficient and hydrolytically active mutants-hPARN(N288A) and hPARN(W475A)-were affected in cap stimulation ( Figure S3 ). The results are summarized in Figure 4D and show that hPARN(W475A) did not reveal any cap-stimulatory effect, whereas the hPARN(N288A) mutant was slightly affected.
In conclusion, nine of the tested mutant polypeptides revealed either major or minor deficiencies in their deadenylation properties, suggesting that the targeted amino acid residues are required for proper performance of PARN deadenylation activity. Significantly, at least two of the mutant polypeptides-hPARN(I34A) and hPARN(N288A)-were clearly defective in both cap binding and deadenylation activities. Furthermore, mutations of residues N288, L291A, S342A, and M425A involved in the phosphate linkage and the G base recognition (Figure 2A) showed defects when converting A 2 to A 1 ( Figure 4A ). Finally, we have established in vitro deadenylation conditions wherein a cap-stimulatory effect, to a level corresponding to native PARN, can be recovered when bacterially produced recombinant hPARN is used and have identified at least one hydrolytically active mutant polypeptide, hPARN(W475A), that is deficient in both cap binding and the cap-stimulatory effect. Taken together, these results suggest that tryptophan residue 475 participates in both cap binding
hPARN ( (mg polypeptide) and cap stimulation and that the cap-binding site overlaps to some extent, both structurally and functionally, with the active site of PARN at the nuclease domain.
DISCUSSION
Crystal structures of eIF4E (Marcotrigiano et al., 1997) , the vaccinia virus protein Vp39 (Hodel et al., 1998) , CBP20-CBP80 complex (Mazza et al., 2001) , the scavenger mRNA decapping enzyme (DcpS) (Chen et al., 2005; Gu et al., 2004) , and the nuclear import adaptor snurportin1 (Strasser et al., 2005) in complex with cap analogs have been determined. A comparison of these protein-cap complex structures has revealed a shared mechanism for cap structure recognition ( Figure 5 ). This conserved mechanism is based on p-p or cation-p stacking interaction between aromatic residues of the protein and the methylated guanine moiety of the cap to discriminate a methylated guanine base from an unmethylated guanine (Hu et al., 2003; Niedzwiecka et al., 2002) . In eIF4E, CBP20, and VP39, the 7-methyl guanosine moiety is sandwiched by two aromatic residues from these proteins, whereas in DcpS, it is sandwiched by W175 and L206 ( Figure 5 ). Most recently, the crystal structure of the central domain of influenza virus polymerase subunit PB2 in complex with m 7 GTP showed that the m 7 G base is sandwiched between F404 and H357 (Guilligay et al., 2008) (Figure 5 ). In the snurportin1-m 3 2,2,7 GpppG complex, the cap analog is self-stacked, providing the third stacking plane (Strasser et al., 2005) . Our structure showed that only one aromatic residue, W468, stacks against the 7-methyl guanosine base ( Figure 5 ).
To sum up, we have identified a novel mode of 7-methylguanosine cap recognition by PARN. Although the stacking interaction, salt bridges, direct and water-mediated hydrogen bonds, and van der Waals contacts that contribute to the cap recognition by PARN are common among cap-binding proteins, PARN is the only known example that exploits one-sided stacking to stabilize the m 7 G moiety and keeps an open space at the other side of its aromatic ring. The less efficient one-sided stacking in PARN is supported by a large network of other noncovalent contacts, especially those stabilizing the phosphate linkage and surrounding the first transcribed nucleoside. It was shown that PARN discriminated the 7-methylated 5 0 terminus versus the nonmethylated one in the enzymatic assays when we used PARN purified from calf thymus (Martinez et al., 2001; Martinez et al., 2000) ; hence, the one-sided stacking provided by the platform made up by the indol ring of W468 (W475 in human) seems to be the minimal, necessary, and sufficient condition for specificity toward the 7-methylguanosine cap structure.
The RNA recognition motif (RRM) is one of the most abundant protein domains in eukaryotes and participates in many biological processes, such as RNA editing, RNA splicing, RNA export, translational regulation, and RNA degradation (Maris et al., 2005) . To date, there are more than 30 structures of RRMs determined by NMR or X-ray crystallography. The RRMs share a common ab fold structure with a babbab topology. The b strands form an antiparallel b sheet and are packed against by two a helices. Previous extensive biochemical studies on the RRM of hPARN showed that this RRM binds both the cap structure and poly(A) (Nilsson et al., 2007) . In keeping with these observations, our current structure indicates that PARN utilizes the a1-b1 loop and b2 in the RRM domain to recognize the m 7 G moiety and that the nuclease domain contacts the rest of the cap molecule. The canonical RNA-binding site on the RRM domain b face is still available for poly(A) binding. To date, we have determined three structures of PARNhPARNn (residues 1-430) in native form, hPARNn (residues 1-430) in complex with poly(A), and the mPARNt-m 7 GpppG complex-and have shown that PARN functions as a homodimer. Given that we have not succeeded in observing all three functional domains of PARN simultaneously in a single structure, we reconstructed a homodimeric model of PARN by superimposing these three structures together given that the position of the disordered R3H domain in the mPARNt-m7GpppG complex is likely to be the same as in the apo-hPARNn (see above) (Wu et al., 2005) (Figure 6 ). This model shows that the RRM domain from one subunit, together with the R3H domain from the other subunit, forms a circular structure that encloses the active site. Consistent with this view, deletion mutation and thermal stability studies showed that the R3H domain cross-talked with the RRM domain to stabilize hPARN (Liu et al., 2007) . In this circular structure, the RRM domain may act in conjunction with the R3H domain to increase the processivity of PARN, although the underlying mechanism remains elusive. We have characterized the cap-binding site of PARN through a combined structural and functional analysis. Most importantly, we show that the cap-binding and active sites of PARN partially overlap both structurally and functionally within the nuclease domain. This is a major surprise because earlier biochemical studies clearly indicated that the two sites were structurally and functionally separate from each other (Martinez et al., 2001 ). This apparent discrepancy may be resolved by a putative mechanism wherein the cap and poly(A) bind individually to two subunits of PARN (Figure 6 ). The observations that the homodimeric PARN in the mPARNt-m7GpppG complex contains two structurally distinct cap-binding sites are similar to those observed in the Dcps structure (Gu et al., 2004) . Although the dramatically asymmetric cap-binding sites in Dcps suggested an elegant autoregulatory mechanism to control scavenger mRNA decapping, the functional implications of the distinctcap binding sites in PARN do not seem very clear. The conformational changes that are induced upon cap binding might be tightly coupled to the stimulatory effect of the 5 0 cap on the poly(A) tail hydrolysis. However, the molecular basis of how the cap binding is coordinated with the poly(A) binding to stimulate hydrolysis remains to be elucidated.
In summary, the mPARNt-m 7 GpppG complex structure presented here reveals a novel cap-binding mode. Both the RRM and the nuclease domains are involved in cap binding, with the RRM recognizing the m 7 G base and the nuclease domain providing additional binding affinity for the rest of the cap molecule. Importantly, our structural and mutational data demonstrated that the cap-binding site and the active site overlap each other both structurally and functionally. Superposition of all the PARN structures we have solved so far allows us to reconstruct a homodimeric model of PARN. This model will be essential for further studies when elucidating molecular mechanisms behind PARN action, including its catalytic activity, high specificity for poly(A), processivity, and the molecular details behind the cap stimulatory effect on PARN.
EXPERIMENTAL PROCEDURES Molecular Cloning mPARNt was amplified from mouse full-length PARN cDNA (RZPD, Germany) with a forward primer containing PreScission protease cutting site. The fragment was cloned into a pET28a vector.
Site-Directed Mutagenesis hPARN mutants were generated from pE 33 PARN (Ren et al., 2002) using Quick-Change Site-Directed Mutagenesis kit (Stratagene) following the protocol from the manufacturer. The mutations were introduced by using primers named as the corresponding mutation and with sequences listed in Table S2 . All mutations were confirmed by DNA sequencing.
Protein Expression and Purification mPARNt was expressed in Escherichia coli strain BL-21 STAR (Stratagene). Cells were induced with 0.1 mM IPTG when OD 600nm reached 0.6 and were further incubated at 18 C overnight. Selenomethione-substituted protein was expressed by growing cells in a minimum media containing 20 mg/L L-seleno-methione (Sigma). The cells were harvested and resuspended in a lysis buffer (20 mM Tris [pH 8.0], 500 mM NaCl, and 2 mM benzamidine) containing 1 mg/ml lysozyme. The cells were lysed using sonication and were centrifuged at 18,000 g for 1 hr. The supernatant was loaded onto a Talon Metal Affinity Resin (Clontech) column and was washed with at least 10 column volumes of the lysis buffer containing 20 mM imidazole. The mPARNt protein was eluted with the lysis buffer containing 200 mM imidazole. The His tag was removed by the PreScission protease (Amersham) at 4 C overnight, and the target protein was further purified using MonoQ and Superdex-200 columns (Amersham). The protein was concentrated to about 10 mg/ml for crystallization. Recombinant hPARN(D28A), hPARN(I34A), hPARN(N288A), hPARN (L291A), hPARN(K326A), hPARN(N340A), hPARN(S342A), hPARN(M425A), hPARN(R426A), and hPARN(W475A) were expressed from E. coli strain BL21(DE3), as described elsewhere . Soluble recombinant polypeptides were purified using Talon Metal Affinity Resin (Clontech). The amount of protein was measured using a BioRad protein assay kit, and the purity was analyzed by gel electrophoresis (SDS-PAGE) followed by silver or coomassie staining.
Preparation of RNA Substrates
A 3 and A 20 RNA substrates were purchased from Dharmacon Research. Before usage, the substrates were deprotected according to the instructions from the manufacturer. A 3 or A 20 (10 pmol) was 5 0 -labeled with 20 pmol Figure 6 . Model of Homodimeric PARN Containing All Three Functional Domains
Color coding for the RRM and nuclease domains is as in Figure 1 . The R3H domain is colored in red. m 7 GpppG and poly(A) are shown in stick models with carbon atoms colored in yellow and green, respectively.
